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The size-distribution of Earth’s 
lakes
B. B. Cael1,2 & D. A. Seekell3
Globally, there are millions of small lakes, but a small number of large lakes. Most key ecosystem 
patterns and processes scale with lake size, thus this asymmetry between area and abundance is a 
fundamental constraint on broad-scale patterns in lake ecology. Nonetheless, descriptions of lake 
size-distributions are scarce and empirical distributions are rarely evaluated relative to theoretical 
predictions. Here we develop expectations for Earth’s lake area-distribution based on percolation 
theory and evaluate these expectations with data from a global lake census. Lake surface areas 
≥8.5 km2 are power-law distributed with a tail exponent (τ = 1.97) and fractal dimension (d = 1.38), 
similar to theoretical expectations (τ = 2.05; d = 4/3). Lakes <8.5 km2 are not power-law distributed. 
An independently developed regional lake census exhibits a similar transition and consistency with 
theoretical predictions. Small lakes deviate from the power-law distribution because smaller lakes  
are more susceptible to dynamical change and topographic behavior at sub-kilometer scales is not 
self-similar. Our results provide a robust characterization and theoretical explanation for the lake 
size-abundance relationship, and form a fundamental basis for understanding and predicting patterns 
in lake ecology at broad scales.
Visual examination of maps or satellite images reveals the size-distribution of Earth’s lakes is strongly skewed: 
there are many small lakes, but few large lakes [refs 1–5; Fig. 1]. Most key ecosystem processes in lakes scale 
strongly with lake surface area, and therefore, the size-distribution of lakes is a key constraint on patterns in lake 
ecology and biogeochemistry3–6. In particular, an accurate characterization of Earth’s lake size-distribution is crit-
ical for estimating global rates of lake productivity and greenhouse gas emissions2–10. Most variation in estimates 
of these global rates is related to changes in estimates of the abundance and size-distribution of lakes, not revi-
sions in the areal rates of biological and biogeochemical processes themselves7. Despite this fundamental interest 
and practical importance, there remain few rigorous evaluations of Earth’s lake size-distribution1,4,5.
It is widely believed that Earth’s lake areas are power-law distributed, but evidence supporting this belief has 
been inconsistent1–5. On one hand, lake shorelines are fractal. Fractality and power-law distributions are inextri-
cably linked because both are a result of scale invariance10–12. Additionally, linear regressions on log-abundance 
log-area plots achieve extremely high levels of explained variance, which is consistent with a power-law 
size-distribution1,3–5,10. On the other hand, high levels of explained variance on log-abundance log-area plots have 
been identified as unreliable criteria for identifying power-laws and few studies apply formal statistical tests for 
power-law distributions11,13,14. Further, simulation studies do not produce all of the patterns expected from frac-
tal predictions, and empirical distributions are rarely compared to theoretical expectations1,11,15,16. Collectively, 
these inconsistencies indicate that Earth’s lake-size distribution is inadequately characterized both empirically 
and theoretically. Here, we characterize this distribution by developing expectations based in percolation theory. 
We then test these expectations using lake size data from a global lake census developed from high-resolution 
satellite imagery.
Percolation theory is a canonical branch of statistical physics that provides a plausible idealized description of 
lake geometry and the processes contributing to the asymmetry in the lake size-abundance relationship17–19. In 
these models, ‘filled’ area that represents standing water is randomly distributed over a domain. This can be mod-
eled as distribution over random sites in a discrete lattice, into randomly located overlapping circles in a plane, 
or into local minima of a surface with random heights. Connected or overlapping filled regions are called perco-
lation clusters, which are a type of random fractal18. Clusters are statistically self-similar over certain ranges of 
area dependent on the minimum site size and the proportion of filled area [ref. 18; Supplementary Information]. 
Over these ranges, the cluster areas take a power-law size distribution with a predictable exponent that is 
1Massachusetts Institute of Technology, Cambridge, MA 02139, USA. 2Woods Hole Oceanographic Institution, 
Woods Hole, MA 02543, USA. 3Umeå University, 901 87 Umeå, Sweden. Correspondence and requests for materials 
should be addressed to B.B.C. (email: bcaelb@mit.edu)
received: 04 April 2016
accepted: 22 June 2016
Published: 08 July 2016
OPEN
www.nature.com/scientificreports/
2Scientific RepoRts | 6:29633 | DOI: 10.1038/srep29633
universal across percolation problems [refs 18–21]. A heuristic explanation for this is given in the Supplementary 
Information. Geological random fractals are not power-law distributed across their full range of areas because 
of physical constraints; for instance, the finite extent of Earth’s surface constrains the maximum possible lake 
size11,12,16. For small lakes, deviation from a power-law distribution could occur if scale dependent geomorphic 
processes like mass wasting override general topographic characteristics11,16,22–24. Measuring lake statistics - 
whether lakes conform to a power law distribution, over what range, with what exponent, and what fractal behav-
ior - is the principal approach for connecting empirical observations to theory16,17,25.
The theoretical critical power-law distribution tail exponent for percolation cluster sizes is τ = 187/91, or 
approximately 2.05 refs 18,25. The boundaries, or ‘unscreened perimeters’, of the percolation clusters are analo-
gous to lake shorelines26. Conceptually, the unscreened perimeter indicates that two lakes connected by a stream 
would be considered independent features with separate surface areas and perimeters20. This description is 
important because it allows predictions from percolation theory to account for both lakes connected to riverine 
hydrologic networks and those that are disconnected because they lack inlets and outlets. Most theoretical anal-
yses of lake size-distributions assume that rivers connect all lakes12,15. This is not an accurate assumption for 
Earth’s lakes and hence predictions based on the unscreened perimeter of percolation clusters are advantageous. 
Another advantage of considering unscreened perimeters is that they are fractals, creating an additional testable 
expectation. Specifically, the fractal scaling behavior of lake perimeters (l) is based on their surface area 
(a): ~l ad/2. Based on this relationship, fractal dimension d for unscreened perimeters is expected to be d = 4/3 
ref. 25. Hence, percolation theory provides three testable hypotheses about Earth’s lake size-distribution: 1) lake 
areas are power-law distributed over a portion of the total range of lake areas, 2) for this portion the lake size 
distribution has a tail exponent τ = 2.05, and 3) for this portion the fractal dimension of shorelines based on 
perimeter-area dimensional analysis is d = 4/3.
Our analysis finds Earth’s lakes are power-law distributed for lakes ≥ 8.5 km2 (Fig. 2). Lakes < 8.5 km2 devi-
ate from the power-law distribution such that there are fewer of these small lakes than expected if small lakes 
conformed to the same power-law distribution as large lakes. Across the range of lake sizes conforming to a 
power-law distribution, the tail exponent is τ = 1.97 (+ /− 0.01), close to the predicted value τ = 2.05. The shore-
lines of these lakes have a fractal dimension d = 1.38 close to the predicted value d = 4/3 (Fig. 3). The deviation 
from power-law form begins two orders of magnitude larger then the minimum reliably mapped lake size, a 
strong indicator that the observed deviation is not due to sampling biases13,27. This deviation is consistent with a 
conceptual representation of lakes as geologic random fractals, which are not power-law distributed across their 
full range of sizes18.
We also examined the size distribution of lakes in the Swedish national lake registry, which is considered a 
complete census of lakes in Sweden27,28. A key benefit of examining this dataset is that it is based on map compila-
tions that integrate different types of errors compared to the global lake census which was developed based on an 
automated algorithm applied to remotely sensed data2. The Swedish lake data were power-law distributed for lakes 
Figure 1. Globally, there are many small lakes, but only a small number of large lakes. The asymmetry 
between lake size and abundance is clearly visible in this image of the Turtle Mountains, a lake district in North 
Dakota (USA). Image courtesy NASA.
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Figure 2. Log-abundance (cumulative frequency) log-area plots of global and Swedish lakes illustrate the 
asymmetry between lake size and abundance. Large lakes are power-law distributed and the tail exponents for 
both datasets are very similar to the τ = 2.05 value predicted by percolation theory. Both lake size-distributions 
deviate from a power-law for lakes with surface areas smaller than 1 km2. This deviation is to the extent that 
there are an order of magnitude fewer lakes 0.01–1 km2 recorded in these datasets than would be expected if 
lakes conformed to a power-law size distribution across their full range of sizes.
Figure 3. Fractal dimensions derived from perimeter-area relationships. The black line is a physical 
constraint where shorelines are circular and have a fractal dimension d = 1. Lakes cannot fall below the black 
line. For context, comparing lakes falling across the black line is equivalent to comparing circles with different 
areas. Comparing lakes across the observed perimeter-area relationships reveals that more convoluted 
shorelines are observed for larger lakes. In this figure, Swedish lake data are plotted to emphasize the variation 
and transition in values. Global lake data are plotted as logarithmically binned median values because the size of 
the database precludes plotting individual records.
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larger, but not smaller, than 4.7 km2 (Fig. 2). Similar to the global lake data, this deviation begins several orders of 
magnitude above the minimum reliably mapped lake size. The tail exponent over the power-law range was 2.13 
(+ /− 0.04), similar to theoretical predictions (2.05) and empirical results from the global data (1.97). Shorelines 
of lakes ≥ 4.7 km2 have a fractal dimension d = 1.34 very similar to the predicted values of d = 4/3 (Fig. 3); lakes 
< 4.7 km2 have a fractal dimension d = 1.00. Hence, these results support our characterization of Earth’s lake 
size-distribution and minimize lake census methodology as a potential factor influencing this characterization.
Collectively, our results characterize Earth’s lake size-distribution and demonstrate consistency with predic-
tions based on percolation theory. There are two distinct modes of lake behavior; above the order of 1 km2 for 
which lakes behave as power-law distributed fractals similar to a percolation process, while below the order of 
1 km2 for which lake abundance does not conform to a power-law. This deviation has not previously been charac-
terized, but is an important constraint on the relative contributions of small versus large lakes to the total surface 
area of lakes. Specifically, the power-law tail exponents predicted by percolation theory and measured here empir-
ically are consistent with small lakes dominating the total surface area of Earth’s lakes1. However, the deviation 
from power-law for small lakes precludes this and creates a pattern whereby medium sized lakes dominate the 
total lake surface area1,2. Geographic patterns of area-dependent ecosystems rates and characteristics are therefore 
constrained by both the tail exponent and transition scale characterized by our study4,5.
The deviation of small lakes from a power-law distribution is of great practical importance11,13. Estimates 
global lake productivity and green house gas emissions are generally estimated in part by calibrating a power-law 
distribution based on large lake areas, and then using this distribution to extrapolate the size and abundance of 
small lakes7–11,13. If lakes conformed to a power-law distribution across the full range of lake sizes, there would be 
an order of magnitude more lakes sized 0.01–1 km2 than exists on Earth’s surface. The reason for this deviation is 
likely in part because Earth’s topography exhibits autocorrelation at small scales24. An average value for this tran-
sition is 0.9 km, which is similar to the transition scale in our lake analysis [ref. 24 and references therein]. Other 
scale-dependent factors probably also contribute to the under-abundance of small lakes relative to a power-law 
distribution. For example small lakes fill more rapidly than large lakes, and this disproportionately rapid filling 
is enhanced by human activity3,23. New remote sensing approaches are reducing uncertainty in the abundance 
and size-distribution of small lakes but a strong conceptual basis is still necessary because observed distribu-
tions of small lakes do not conform to most common statistical distributions2,11,13. A potentially fruitful area of 
research may be in the interactions between geomorphological processes filling in lakes and the distribution of 
lake ages22. Highly skewed age distributions might exist for lakes because most are glacial and young, but some are 
tectonic and old. Theoretical analyses suggest, in a general sense, skewed age distributions can result in observed 
size-distributions that strongly contrast those predicted by process-based models29. This contrast is especially 
strong for small sizes29.
The generality of percolation theory as a minimal model may explain why many of the characteristics of lakes 
on other planetary bodies have similarities with Earth’s lake size-distribution18,30. For example, ancient lake basins 
on Mars are power-law distributed over some, but not all, ranges of surface area11,13. These lakes have fractal 
dimensions similar to values expected based on Mars surface topography11. On Titan, hydrocarbon lakes have 
similar morphological characteristics to Earth’s lakes30. While limited imagery precludes a detailed evaluation of 
Titan’s lake size-distribution, fractal dimensions for individual lake shorelines are very similar to those predicted 
by percolation theory and observed for Earth’s lakes30. These observations suggest that the processes controlling 
the statistical aspects of lake geometry are not limited to the current biological, hydrological, and geological con-
ditions on Earth.
In conclusion, the asymmetry between area and abundance is a fundamental constraint on broad-scale pat-
terns in lake ecology. Our results provide a robust characterization and theoretical explanation for the asymmetry 
in lake size-abundance relationship. These results provide the fundamental basis necessary for understanding and 
predicting patterns in lake ecology at broad scales.
Methods
We analyzed lake areas and perimeters from a global and a regional lake census2,28. The two databases were devel-
oped independently, although the regional lake census has served as a validation case for the global census27. The 
global lake census, described in detail in ref. 2, is based on an automated lake extraction algorithm applied to 
high-resolution multispectral satellite imagery. The automated algorithm has been shown to be highly accurate 
including for estimates of lake surface area and perimeter. The global lake census does not include the Caspian 
Sea and therefore it is also excluded from our analysis. The regional lake census is based on compilations of maps 
and is considered a complete record of Swedish lakes ≥ 0.01 km2 ref. 28.
For the power-law distribution tests, we applied established statistical methods described in detail in ref. 16. 
These methods are advantageous over those typically used to evaluate lake size distributions. Specifically, lake 
size distributions are typically evaluated using ordinary least squares regression on log-abundance log-size data, 
which is useful for demonstrating a size-abundance asymmetry, but is known to mischaracterize the lake size 
distribution by exponentially overweighting the influence of small features, unless deviations are lognormal dis-
tributed14. Furthermore, ordinary least squares provides no objective method for estimating the minimum value 
above which data are power-law distributed, thus a low cutoff is typically not tested for in analyses of lake size 
distributions1,5,13,16. The approach that we applied not adversely impacted by weighting and provides accurate tail 
exponent measurements; additionally, this approach estimates a minimum value for the estimated distribution14, 
which is on the order of 1 km2 for both data sets [Supplementary Information].
Shoreline fractal dimensions were computed based on dimensional analysis, comparing perimeter (l) with 
the square root of area (a1/2). For Swedish lakes, as deviations exist in both perimeter and area measurements 
and are not normally distributed, a robust statistics methodology is required; we applied bi-square regression 
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on a nonlinear least squares power-law fit. For global lakes ≥ 8.5 km2, however, an ordinary least squares regres-
sion of log(l) vs. log(a1/2) was found to have normal deviations (kurtosis = − 0.037, skewness = − 0.32, 
Kolmogorov-Smirnov test = 0.036), thus ordinary least squares regression is the maximum likelihood estimator 
for these data and robust statistics were not required. Global lakes < 8.5 km2 are too spread to have a well-defined 
fractal dimension; no fit explains a satisfactory portion of variance.
References
1. Downing, J. A. et al. The global abundance and size distribution of lakes, ponds, and impoundments. Limnol. Oceanogr. 51, 
2388–2397 (2006).
2. Verpoorter, C. et al. A global inventory of lakes based on high-resolution satellite imagery. Geophys. Res. Lett. 41, 6396–6402 (2014).
3. Downing, J. A. Emerging global role of small lakes and ponds: Little things mean a lot. Limnetica 29, 9–24 (2010).
4. Seekell, D. A. et al. Trade-offs between light and nutrient availability across gradients of dissolved organic carbon concentration in 
Swedish lakes: Implications for patterns in primary production. Can. J. Fish. Aquat. Sci. 72, 1663–1671 (2015).
5. Hanson, P. C. et al. Small lakes dominate a random sample of regional lake characteristics. Freshwater Biol. 52, 814–822 (2007).
6. Holgerson, M. A. & Raymond, P. A. Large contribution to inland water CO2 and CH4 emissions from very small ponds. Nature 
Geosci. 9, 222–226 (2016).
7. Raymond, P. A. et al. Global carbon dioxide emissions from inland waters. Nature 503, 355–359 (2013).
8. Tranvik, L. J. et al. Lakes and reservoirs as regulators of carbon cycling and climate. Limnol. Oceanogr. 54, 228–2314 (2009).
9. Lewis, W. M. Global primary production of lakes: 19th Baldi Memorial Lecture. Inland Waters 1, 1–28 (2011).
10. Downing, J. A. Global limnology: Up-scaling aquatic services and processes to planet Earth. Verh. Internat. Verein. Limnol. 30, 
1149–1166 (2009).
11. Seekell, D. A. et al. A fractal-based approach to lake size-distributions. Geophys. Res. Lett. 40, 517–521 (2013).
12. Turcotte, D. L. Self-organized complexity in geomorphology: Observations and models. Geomorphology 91, 302–310 (2007).
13. Seekell, D. A. & Pace, M. L. Does the Pareto distribution adequately describe the size-distribution of lakes? Limnol. Oceanogr. 56, 
350–356 (2011).
14. Clauset, A. et al. Power-law distributions in empirical data. SIAM Rev. 51, 661–703 (2009).
15. Mandelbrot, B. The fractal geometry of nature (Freeman, 1983).
16. Goodchild, M. F. Lakes on fractal surfaces: A null hypothesis for lake-rich landscapes. Math. Geol. 20, 615–630 (1988).
17. Cael, B. B. et al. Pond fractals in a tidal flat. Phys. Rev. E 92, 052128 (2015).
18. Isichencko, M. B. Percolation, statistical topography, and transport in random media. Rev. Mod. Phys. 64, 961–1043 (1992).
19. Saberi, A. A. Percolation description of the global topography of Earth and the Moon. Phys. Rev. Lett. 110, 178501 (2013).
20. Farrior, C. E. et al. Dominance of the suppressed: Power-law size structure in tropical forests. Science 351, 155–157 (2016).
21. Grossman, T. et al. Structures and perimeters of percolation clusters. J. Phys. A. 19, L745–751 (1986).
22. Englund, G. et al. The birth and death of lakes on young landscapes. Geophys. Res. Lett. 40, 1340–1344 (2013).
23. Steele, M. K. & Heffernan, J. B. Morphological characteristics of urban water bodies: Mechanisms of change and implications for 
ecosystem function. Ecol. Appl. 24, 1070–1084 (2014).
24. Dodds, P. S. & Rothman, D. H. Scaling, universality, and geomorphology. Ann. Rev. Earth and Planetary Sci. 28, 571–610 (2000).
25. Hohenegger, C. et al. Transition in the fractal geometry of Arctic melt ponds. Cryosphere 6, 1157–1162 (2012).
26. Elan, W. T. et al. Critical exponents of the void percolation problem for spheres. Phys. Rev. Lett. 52, 1516–1519 (1984).
27. Verpoorter, C. et al. Automated mapping of water bodies using Landsat multispectral data. Limnol. Oceanogr.: Methods 10, 
1037–1050 (2012).
28. Nisell, J. et al. Rikstäckande virtuellt vattendrags nätverk for flödebaserad modelling ViVaN (Department of Aquatic Science and 
Assessment Sveriges Lantbrukuniveristet Report 17, 2007) [In Swedish with English Summary].
29. Reed, W. J. The Pareto, Zipf, and other power laws. Econ. Lett. 74, 15–19 (2001).
30. Sharma, P. & Byrne, S. Constraints on Titan’s topography through fractal analysis of shorelines. Icarus 209, 723–737 (2010).
Acknowledgements
This paper is based on research supported by the National Science Foundation (OCE-1315201), the Swedish 
Research Council Formas, and the Carl Tryggers Foundation for Scientific Research. We thank Dan Rothman for 
helpful comments and suggestions.
Author Contributions
B.B.C. and D.A.S. conceived the study. B.B.C. conducted the analysis. B.B.C. and D.A.S. wrote the paper. All 
authors read and approved the paper prior to submission.
Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Cael, B. B. and Seekell, D. A. The size-distribution of Earth’s lakes. Sci. Rep. 6, 29633; 
doi: 10.1038/srep29633 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
